The inner ear and the epibranchial ganglia constitute much of the sensory system in the caudal vertebrate head. The inner ear consists of mechanosensory hair cells, their neurons, and structures necessary for sound and balance sensation. The epibranchial ganglia are knots of neurons that innervate and relay sensory signals from several visceral organs and the taste buds. Their development was once thought to be independent, in line with their independent functions. However, recent studies indicate that both systems arise from a morphologically distinct common precursor domain: the posterior placodal area. This review summarises recent studies into the induction, morphogenesis and innervation of these systems and discusses lineage restriction and cell specification in the context of their common origin.
Introduction
Cranial placodes, found in all vertebrates, are transient thickenings of ectoderm that contribute extensively to the sensory component of the cephalic peripheral nervous system (see Box 1 and Glossary, Box 2). Individual placodes give rise to characteristic cell types, although the diversity of placodal derivatives varies (Box 1). Some placodes, such as the olfactory, otic and lateral line placodes, can form the receptive cell that responds to a stimulus, as well as the sensory neurons that transmit this information (Box 1). Others, such as the epibranchial and trigeminal placodes, only give rise to sensory neurons. The lens and adenohypophyseal placodes generate no sensory derivatives (Baker and Bronner-Fraser, 2001; Webb and Noden, 1993; Begbie and Graham, 2001b) . In this review, we focus on the inner ear (or otic) placode and the epibranchial series of placodes and discuss their origins from a common progenitor domain: the posterior placodal area (PPA) (Fig. 1) .
The otic placode forms the complex inner ear structure that detects sound and balance, as well as the neurons that convey this information to the auditory hindbrain. The otic placodes form distinctive paired depressions adjacent to the caudal hindbrain and progressively deepen to form otocysts (see Glossary, Box 2). Transcriptional networks, influenced by extrinsic signals, drive the regional differentiation of the otic placode to generate mechanosensory hair cells, supporting cells and neurons (see Box 1 and Glossary, Box 2). This progressive differentiation results in a remarkable convolution of the simple spherical otocyst into an intricate structure that is dedicated to receiving information on balance, angular velocity and sound. These later morphogenetic events have been well reviewed (Bok et al., 2007; Fritzsch et al., 2006; Torres and Giráldez, 1998) and will not be covered here.
The epibranchial placodes give rise to the geniculate, petrosal and nodose ganglia, which contribute sensory neurons to cranial nerves VII (facial), IX (glossopharyngeal) and X (vagus), in that order (see Box 1 and Glossary, Box 2; Fig. 1 ). Epibranchial placodes are located ventral to the otic placode, but dorsocaudal to the pharyngeal clefts, which separate each branchial arch (see Glossary, Box 2; Fig.  1 ) (Graham, 2008) . Differentiation occurs by delamination of neuroblast cells from the thickened placode. Delaminated neuroblasts then coalesce to form ganglia that make appropriate connections to their targets. In contrast to the inner ear and lateral line, the epibranchial placodes generally do not generate mechanosensory cells (Baker and Bronner-Fraser, 2001) .
It had been thought that the development of otic and epibranchial placodes occur independently of each other. However, recent data suggest that these placodes form from a common Pax2-positive precursor domain (Sun et al., 2007) . Aquatic vertebrates possess an additional sensory structure, the lateral line, which also forms from this domain. We use the term PPA to describe this common domain (Schlosser and Ahrens, 2004) . Alternate names include the oticepibranchial precursor domain (Freter et al., 2008) and the pre-otic field (Ohyama et al., 2007) . In this review, we present an updated model of inner ear and epibranchial induction. By considering the development of both otic and epibranchial placodes, we ask how cellular diversification is induced, and whether the common lineage of both systems is reflected in the later development of the inner ear and epibranchial ganglia.
The posterior placodal area
The concept of a common precursor domain for the otic and epibranchial placodes, as well as for the lateral line in aquatic vertebrates, was initially based on gene expression patterns, in particular those of Pax2 (Schlosser and Ahrens, 2004) . This idea was also reinforced by vital dye lineage analysis of the lateral edges of Pax2 expression in chick, which showed that these cells give rise to epibranchial placodes (Streit, 2002) . This is also true in mouse, in which descendants of the early Pax2 expression domain and of Pax8-expressing cells (Pax8 is expressed redundantly in the PPA) give rise to both otic and epibranchial placodes (Bouchard et al., 2004; Ohyama et al., 2006) .
In chick, Pax2 is detectible from Hamburger and Hamilton stage (HH) 8 in an ectodermal domain located rostral to the first somite (Groves and Bronner-Fraser, 2000; Streit, 2002) (Fig. 1A) . In mouse and chick, the Pax2/8-positive region is morphologically distinct and is apparent as thickened ectoderm that extends laterally to encompass both otic and epibranchial regions ( Fig. 1) (Wright and Mansour, 2003) . This observation is reminiscent of certain fish species in which the inner ear and lateral line system derive from a common cranial ectodermal thickening: for example, in selachians (Mitrophanow, 1893) , salmon (Wilson and Mattocks, 1897) and the bowfin Amia clava (Beckwith, 1907) . Based on our current understanding of the relationship between the inner ear and lateral line, it is likely that in aquatic vertebrates the otic/lateral line preplacode also includes epibranchial precursors.
Induction of the PPA
The PPA is induced from non-neural ectoderm located adjacent to the still open neural plate at the caudal hindbrain level during midneurula stages. The PPA overlies the lateral and later paraxial mesoderm (see Glossary, Box 2), although, as the neural tube closes, the topographic relationships between ectoderm and mesoderm, as well as with the endoderm, change so that the more lateral reaches of the PPA are brought into closer apposition with the paraxial mesoderm. Interactions with these tissues regulate the formation of the PPA, as well as the specification of its derivatives: the inner ear and epibranchial ganglia. In the paragraphs below, we describe the tissues that regulate PPA induction and the molecules that mediate this process (Fig. 2) .
Tissues that regulate PPA induction
Classic experimental embryological studies suggest that the source of PPA-inducing signals is the mesoderm (for a review, see Groves, 2005) . These studies used the presence of an otocyst as a marker for the inner ear, and did not look at the effect on the epibranchial ganglia. However, modern molecular techniques also support a role for the mesoderm in PPA induction. Zebrafish embryos mutant in no tail (ntl) and one-eye pinhead (oep) do not form cranial mesoderm. These mutants have delayed or absent expression of the early PPA marker pax8. By contrast, mutants that lack only axial mesoderm form a relatively normal PPA (Mendonsa and Riley, 1999) . Studies in chick indicate that this inductive region localises to the paraxial mesoderm beneath the PPA, as its ablation causes the downregulation of the PPA marker Pax2; other regions of the paraxial mesoderm do not rescue the ablation (Kil et al., 2005) . This study also showed that transplanting sub-otic mesoderm to ectopic locations induces ectopic Pax2, further implicating this mesoderm in the induction of the PPA, at least in chick (Kil et al., 2005) . Grafting experiments have shown that the region from the first somite to the level of rhombomere 2/3 has PPA-inducing activity (Groves and Bronner-Fraser, 2000) . This corresponds closely to the actual location of the PPA in chick. Although these experiments suggest that only the mesoderm provides the PPA-inductive signal, other findings argue against this view.
Recombination experiments between ectodermal tissue and different regions of mesoderm suggest that the posterior cephalic paraxial mesoderm is sufficient for PPA induction, but only when neural precursors are also included (Ladher et al., 2000) . Indeed, experiments in which the chick hindbrain is grafted to ectopic locations also suggest that hindbrain-derived signalling can induce ectopic inner ear vesicles, although as Groves points out "the absence of clear markers to distinguish host from donor" demands care in the interpretation of these findings (Groves, 2005; Kuratani and Eichele, 1993; Sechrist et al., 1994) . It is now clear that both mesoderm and hindbrain are important for the induction of the inner ear proper, but the necessity of the hindbrain in inducing the progenitor region has neither been clearly shown nor can it be completely discounted. Conclusive evidence might prove tricky to obtain, as several key inducing molecules are expressed in the mesoderm and later in the hindbrain, suggesting redundancy in both the identity and the source of the inducing signal.
Signals in PPA induction
There is considerable evidence that members of the fibroblast growth factor (FGF) family contribute to PPA induction. As shown in Fig. 3A , FGF ligand expression during PPA induction is dynamic, with expression detected in cranial mesoderm, ectoderm and endoderm at different stages during early head development (Schimmang, 2007) . Furthermore, many of the same FGFs are expressed at multiple sites around the PPA and thus there is not only redundancy between different FGF molecules, but also some degree
REVIEW
Development 137 (11) Box 2. Glossary Ganglia. A mass of nerve cell bodies. Interkinetic nuclear migration. The apical-to-basal and then basalto-apical migration of a cell nucleus during the cell cycle of neuroepithelial cells. Mechanosensory hair cells. Cells that respond to mechanical stimuli. They have specialised apical structures called stereocilia or microtubule-based kinocilia that are deflected by mechanical stimuli, which cause them to deflect, opening ion channels resulting in changes in potential.
Otocyst. An intermediate stage of inner ear development consisting of an epithelial sphere embedded in the head mesenchyme that forms after the otic placode has invaginated. Paraxial mesoderm. Mesoderm that lies immediately adjacent to, and either side of, the axial mesoderm.
Peripheral nervous system (PNS).
A series of nerves and sensory structures located outside of the central nervous system (CNS). Pharyngeal arches. Paired segmented structures (also called branchial arches) located either side of the developing pharynx that consist of ectoderm, mesoderm and neural crest cells and that contribute to pharyngeal organs and to the connective, skeletal, neural and vascular tissues of the mammalian head and neck. Pharyngeal pouches. Endodermal pockets located at the top of the clefts between neighbouring branchial arches. Utricle and saccule. Sense organs in the vestibular part of the inner ear that respond to changes in linear acceleration, especially those caused by gravity. REVIEW Development 137 (11) of redundancy between FGFs acting from different sites of expression. Moreover, and somewhat confusingly, there is some variation between species as to the exact identity and organisation of the FGF ligands involved ( Fig. 3B ).
FGF-mediated PPA induction has been well reviewed recently ( Fig. 2) (Schimmang, 2007) . Briefly, the localised mesodermal expression of an FGF (Fgf3 and Fgf19 in chick, Fgf3 and Fgf10 in mouse, and fgf3 and fgf8 in zebrafish) is important for the induction of the PPA in overlying non-neural ectoderm (Leger and Brand, 2002; Liu et al., 2003; Mahmood et al., 1995; Maroon et al., 2002; Phillips et al., 2001; Vendrell et al., 2000; Ladher et al., 2005; Zelarayan et al., 2007; Wright and Mansour, 2003; Freter et al., 2008; Dominguez-Frutos et al., 2009; Nechiporuk et al., 2007) . The exact details do vary between species (Fig. 2, Fig. 3B ). However, this somewhat complex picture of FGF interactions can be simplified by thinking of PPA induction as being mediated by the ligands Fgf3 and Fgf8, and, in terrestrial vertebrates, by an additional FGF, such as Fgf10 or Fgf19. The fact that this additional FGF has different identities in birds and mammals suggests that its role might have arisen recently, and independently, during evolution. However, it is not clear what the role of this additional FGF ligand is.
All four FGF receptors are expressed in the putative PPA ectoderm. Mutant mouse studies suggest that Fgfr3 and Fgfr4 do not play a role in PPA induction. Mutants for Fgfr1 and Fgfr2 die before the PPA forms (Deng et al., 1994; Yamaguchi et al., 1994; Xu et al., 1998) . Thus, tissue-specific knockouts of these receptors will be necessary to determine the role that they play in PPA induction. In the absence of the genetic ablation of FGF receptors, pharmacological inhibition provides valuable information. For example, inhibiting FGF signalling with SU5402 prior to the 4somite stage in chick prevents Pax2 expression and placodal thickening (Martin and Groves, 2006) . Thus, any signalling transduction intermediates that are active at this stage could mediate PPA induction. FGF signals through a number of pathways to trigger, for example, ERK/MAP kinase phosphorylation, the phosphorylation of phospholipase C gamma (Plc), or the activation of phosphoinositol 3-kinase. Genes responsive to ERK/MAP kinase signalling are expressed in the PPA at around these stages (Lunn et al., 2007) . This suggests that the activation of ERK might mediate PPA induction. Genetically ablating and pharmacologically inhibiting the different FGF signalling intermediates should provide an unequivocal answer to this question.
Diversification of the PPA
The progenitors of the otic and epibranchial placodes form from a common ectodermal territory induced by FGF signalling. In this section, we discuss the mechanisms by which the PPA segregates into distinct domains.
Several Wnt family members are expressed in the hindbrain adjacent to the PPA and have been shown to be crucial for the formation of the inner ear (Ladher et al., 2000; Ohyama et al., 2006; Park and Saint-Jeannet, 2008) . Wnt signalling functions after FGFmediated PPA induction, as modulating Wnt activity in chick does not affect the initial induction of the PPA (Freter et al., 2008) . Furthermore, selective inactivation of -catenin (a transducer of Wnt signalling) in mouse PPA ectoderm leads to a loss of otic cells (Ohyama et al., 2006) . Importantly, analysis of TCF/LEF transgenic reporter mice indicates that Wnt signalling acts only on medial regions of the Pax2-positive PPA (Ohyama et al., 2006) . Similarly, in chick, only the medial portion of the PPA is affected following the electroporation of the secreted Wnt antagonist dickkopf 1 (Freter et al., 2008) . Conversely, forced activation of -catenin in the PPA results in an enlarged otic placode in mouse and in repression of epibranchial placode fate in both chicken and mouse (Freter et al., 2008; Ohyama et al., 2006) . These data imply that secreted Wnt from the hindbrain is important in determining lineage choice within the PPA, promoting otic fate in the medially located ectoderm, while suppressing epibranchial fate laterally.
Wnt8a is expressed in the caudal part of the hindbrain adjacent to the PPA, and it is likely to be the Wnt family member that is responsible for otic specification (Ladher et al., 2000; Ohyama et al., 2006; Park and Saint-Jeannet, 2008) . Interestingly, in chick, Wnt8a is induced by mesodermal Fgf19 (Ladher et al., 2000) , indicating a dual role for FGF signalling in inducing the PPA and in the control of its later segregation. Curiously, otic specification requires transient downregulation of Fgf3 and Fgf19; if expression is sustained, the inner ear is unable to differentiate (Freter et al., 2008) . Thus, FGF can be thought of as a checkpoint to prevent Wnt signals from precociously committing PPA cells to an otic fate. The mechanism by which this control is mediated remains to be elucidated.
Similar to otic specification from the PPA by signals from the adjacent hindbrain, epibranchial specification also depends on signals from its neighbouring tissue: the pharyngeal endoderm. During embryogenesis, the lateral regions of the PPA are brought into close proximity with the forming pharyngeal pouches (see Glossary, Box 2) (Landacre, 1912) . In zebrafish embryos, there is a close correlation between endodermal pouch formation and the start of epibranchial neurogenesis (Holzschuh et al., 2005) . In zebrafish endoderm-deficient casanova (sox32) mutants, the epibranchial ganglia fail to form, although other placode-derived cranial ganglia remain intact (Holzschuh et al., 2005; Nechiporuk et al., 2007) . Similarly, tissue recombination experiments in chick have demonstrated that the apposition of pharyngeal endoderm with cranial ectoderm promotes epibranchial neurogenesis (Begbie et al., 1999) .
The pharyngeal endoderm expresses both FGF and bone morphogenetic protein (BMP) signals and both have been implicated in the formation of epibranchial placodes. Inhibiting BMP signalling in chick and zebrafish endoderm inhibits epibranchial neurogenesis (Begbie et al., 1999; Holzschuh et al., 2005) . There is also strong evidence from zebrafish that FGF signalling from the endoderm is necessary for the specification and neurogenesis of epibranchial placodes (Nechiporuk et al., 2005; Nechiporuk et al., 2007; Nikaido et al., 2007) . The expression patterns of FGF and BMP ligands are suggestive of a possible hierarchy of signalling in epibranchial specification. Using Sox3 and Pax2 expression to distinguish epibranchial precursors, two stages in epibranchial specification become apparent . Epibranchial precursors are initially specified from the PPA as a contiguous stripe, lateral to the otic placode (Fig. 1D ). This stripe
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Development 137 (11) then resolves into the individual placodes. A number of FGF ligands are expressed in a contiguous stripe within the endoderm (Abelló et al., 2010) , whereas the expression of Bmp7 is restricted to the pharyngeal pouches (Begbie et al., 1999) . This implies that the sequential action of endoderm-derived FGF ligands and Bmp7 operate to establish the individual epibranchial placodes. Support for BMP signalling being involved in inducing the foci of epibranchial neurogenesis comes from the ectopic expression of a constitutively active BMP receptor in chick, which induces ectopic neurogenesis in a broader swathe of lateral ectoderm in the head (Tripathi et al., 2009 ). These spatially restricted inductive cues enable epibranchial neurogenesis to be localised correctly, allowing the appropriate association of an epibranchial ganglion with each pharyngeal arch (see Fig. 1H ). This correlation is important, as the number of pharyngeal arches can vary between species, and where it does the number of epibranchial ganglia varies accordingly (O'Neill et al., 2007) .
Otic and epibranchial placode morphogenesis
The end result of the signals and tissue interactions described so far is the formation of thickened placodes, which are pseudostratified epithelia that are poised to differentiate. In this section, we compare and contrast the morphological changes that accompany the differentiation of otic and epibranchial derivatives.
The epithelium of the inner ear placode deforms, buckling so that it forms a progressively deepening invagination, which eventually pinches off to form an enclosed sphere inside the head, called an otocyst (see Glossary, Box 2; Fig. 2) (Meier, 1978a; Meier, 1978b) . Surface area measurements in chicken embryos show that initially, between HH10 and HH11, the basal side of the inner placode expands without a significant change in the area of the apical surface. Shortly afterwards, from HH12, the apical surface area dramatically decreases (Alvarez and Navascués, 1990) . Thus, two types of cell shape change can be inferred: an initial basal expansion, followed by apical constriction. Basal expansion correlates with the generation of polarity in one component of the cytoskeleton: actin filaments. Prior to morphogenesis, actin filaments can be detected both apically and basally in the inner ear placode; however, when invagination begins, actin filaments are depleted basally and enriched apically (Sai and Ladher, 2008) . FGF signalling plays an important role in this process. Chick embryos treated with the FGF inhibitor SU5402 after the inner ear has segregated from the PPA (at HH10), show impaired inner ear invagination and do not apically enrich actin filaments (Sai and Ladher, 2008) . In contrast to the induction of the PPA, which seems to involve ERK activation, actin polarisation in response to FGF signalling is mediated by the activation of a second branch of the signal transduction pathway -the phosphorylation of Plc -and ends with the activation of the regulatory subunit of the motor protein, myosin II. At these initial stages, phosphorylated myosin light chain, a read-out for active myosin II, and actin filaments are reciprocally localised. This suggests that myosin II might exhibit a non-canonical activity in actin depletion during basal expansion (Sai and Ladher, 2008) . During the second phase of inner ear invagination, active myosin II is translocated to the apical side of the inner ear epithelium, and it is likely that together with actin filaments, the actin-myosin complex mediates apical constriction (Sai and Ladher, 2008) . Once closed, the otocyst undergoes further complex morphogenetic movements as it gives rise to a wide range of highly patterned derivatives, including the specialised epithelial structures of the vestibular canals and cochlea, as well as the sensory hair cells and sensory neurons required for function. The development of the epithelial structures is beyond the scope of this review and has been reviewed recently (Bok et al., 2007) . Instead, we focus on the development of the sensory and neurogenic regions of the otic and epibranchial placodes.
Compared with the inner ear, the morphogenesis of the epibranchial placodes is less complex, as they do not invaginate but remain on the surface of the embryo. GFP labelling has shown that the epibranchial placodal epithelium is pseudostratified. This resembles the germinal neuroepithelium of the CNS as found, for example, in the ventricular zone. Similar to the ventricular zone, cell division within the epibranchial placodes occurs mainly on the apical surface, with the nascent neuroblasts migrating basally as they commit to their neuronal fate. This process is termed interkinetic nuclear migration (see Glossary, Box 2). In contrast to the CNS, epibranchial neuroblasts keep migrating basally and exit from the basal surface of the placode through breaches in the basal lamina (Graham et al., 2007) . Delamination of neuroblasts is the main morphogenetic event in the epibranchial placodes, but this is not an epithelial-to-mesenchymal transition (EMT), in contrast to what might be expected by analogy with other delaminating cell types, such as the neural crest. In fact, strictly speaking, the epibranchial placodal cells do not actually assume a mesenchymal morphology as they migrate away from the epithelium. Consistent with this is the finding that the genes involved in typical EMT processes are not expressed during epibranchial delamination (Graham et al., 2007) . When an epibranchial neuroblast leaves the placodal epithelium it migrates internally and, guided by neural crest streams, joins its siblings that were born in the same placode. Following migration, epibranchial neuroblasts condense in a process known as gangliogenesis.
The inner ear also gives rise to neurons, and, like the epibranchial placodes, inner ear neuroblasts delaminate from the epithelium and coalesce to form ganglia. The cellular features of this delamination have not been determined in as much detail as for the epibranchial placodes. Instead, studies have focused on the patterning of inner ear neurons, particularly the mechanisms that distinguish the neuronal field from the regions of the inner that will make sensory hair cells. Molecular analysis has shown that the inner ear placode is regionally patterned into neural versus non-neural portions at early placode stages (Abelló et al., 2007; Raft et al., 2007) . The mechanosensory and neuronal lineages of the inner ear appear to be generated in different regions of the inner ear placode, with only a small region of overlap in the utricle and saccule sensory organs (see Glossary, Box 2) (Bell et al., 2008; Satoh and Fekete, 2005) . The sensory component of the inner ear derives from a thickened region in the ventral and medial regions of the otocyst (Knowlton, 1967) , whereas the neurogenic portion of the placode becomes localised to a thickening in the rostromedial portion of the otic vesicle, close to the developing geniculate placode of the epibranchial series (Fekete and Wu, 2002) . Thus, there is very little evidence of a common, immediate progenitor for sensory hair cells and neurons in the inner ear.
There are instances in which non-otic regions of the PPA can also generate hair cells, the best example being the lateral line system in fish. Some clear examples can also be found in terrestrial vertebrates. In birds, for example, the first epibranchial placode (geniculate) generates the paratympanic organ (PTO), which is a small baroreceptor located in the middle ear that is thought to act as an altimeter during flight (D'Amico- Martel and Noden, 1983; von Bartheld, 1990; von Bartheld, 1994; Nesser and von Bartheld, 2002) . Importantly, it contains mechanosensory hair cells similar to those of the inner ear (Giannessi and Ruffoli, 1996) , and is innervated by neurons of the geniculate ganglion (von Bartheld, 1990) . Clonal relationships between some PTO hair cells and geniculate neurons have also been demonstrated (Satoh and Fekete, 2005) . This might suggest that the ability to form sensory hair cells in terrestrial vertebrates is actually more widespread within the PPA, and that the geniculate placode is simply using this latent sensory potential to generate the PTO.
Neuronal differentiation
Many similarities are emerging between the molecular mechanisms that control lineage specification and neurogenesis in the placodes of the PPA and the neuroepithelium of the CNS. Neurogenesis is prefigured by expression of the HMG-domain SoxB1 transcription factor family, of which Sox3 is the earliest marker of epibranchial and otic neurons to be expressed (Abu-Elmagd et al., 2001). As described above, Sox3 is initially expressed in a fairly broad domain within the PPA and then becomes restricted to the neurogenic regions as they are specified . This expression is controlled by FGF signalling, although this control is independent of the signals that induce the PPA (Abelló et al., 2010) . Sox3 is necessary for epibranchial neurogenesis in the chick and zebrafish (Tripathi et al., 2009; Dee et al., 2008) . However, cranial nerves still form in mice lacking Sox3, suggesting possible redundancy with the other SoxB1 family member Sox2 (Rizzoti and Lovell-Badge, 2007) . Overexpressing Sox3 in epibranchial placodal cells inhibits migration and neurogenesis . This suggests that similar to the developing neuroepithelium of the CNS (Bylund et al., 2003) , epibranchial placodal cells must downregulate Sox3 before progressing into a more differentiated state.
The upregulation of proneural basic helix-loop-helix (bHLH) genes, such as atonal-related family members or achaete-schute-like genes, is considered to be the start of neurogenic differentiation (Guillemot, 2007; Powell and Jarman, 2008) . The expression of proneural genes initiates a cascade of gene expression that commits the progenitor to a neuronal phenotype and to subtype specificity. The expression of proneural genes upregulates that of 'pan-neural' genes, as well as the expression of the neurogenic gene Delta, which, together with its receptor Notch, is responsible for lateral inhibition in the CNS. Delta is expressed in a punctuate pattern in otic and epibranchial placodes, indicating that lateral inhibition controls neurogenesis in these tissues. Thus, although the expression patterns of proneural bHLH genes may be broad, only a subset of these cells will generate neuronal, or even mechanosensory, cells.
How is sensory neuronal subtype specificity encoded in the tissues arising from the PPA? It has been suggested that the proneural bHLH family members are responsible. For example, in mouse neurogenin 1 (Ngn1; Neurog1) mutants, the cochleovestibular neurons are lost (Ma et al., 1998) , and Ngn2 mutants do not form epibranchial neurons (Fode et al., 1998) . However, in chick, the expression of Ngn1 and Ngn2 is reversed relative to the mouse, whereas zebrafish has lost neurogenin 2 (Andermann et al., 2002; Begbie et al., 2002) . These and other findings suggests that the two neurogenin genes are interchangeable and most likely have a general role in sensory development (Furlong and Graham, 2005) rather than being involved in conferring neuronal specificity. Instead, sensory subtype specificity is the product of distinct neuronal homeodomain proteins that act in parallel pathways. Cochleovestibular neurons express the POU homeodomain transcription factor Brn3a (Pou4f1), whereas the epibranchial neurons express the paired homeodomain transcription factor Phox2a (Begbie et al., 2002) . Further subtype segregation of the cochlear and vestibular neuronal phenotype might also rely on GATA transcription factors in the mouse (Lawoko-Kerali et al., 2004) and chick (Jones and Warchol, 2009) . Epibranchial neurons derived from specific placodes also carry out distinct sensory functions; however, the specification of these subpopulations is not clear.
Molecular analysis has revealed similarities between mechanosensory inner ear hair cell progenitors and the neurogenic cells of both the inner ear and epibranchial placodes. This might not be so surprising as the sensory hair cells are considered to be derived neuronal populations (Manley and Ladher, 2008) . Mechanosensory cells develop from sensory patches, which are thickened regions of epithelium that are developmentally regulated by FGF and BMP signalling and are maintained by Notch signalling through one of its receptors, jagged 1 (Daudet et al., 2007; Kelley, 2006) . This establishes a domain expressing a SoxB1 family member, in this case Sox2, which predicts the competence to form sensory cells (Kiernan et al., 2005) . Sox2 expression is necessary for the expression of Atoh1, the bHLH gene that is considered the starting point for mechanosensory differentiation. However, the continued expression of Sox2 antagonises Atoh1 (Dabdoub et al., 2008) . It is
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Development 137 (11) REVIEW Development 137 (11) thought that this is one way by which precocious differentiation is controlled. In the mouse, Ngn1 and Atoh1 expression, in the neuronal and mechanosensory lineages, respectively, is mutually exclusive (Raft et al., 2007) , consistent with the idea that these cell types do not share a clonal relationship in the inner ear (Bell et al., 2008; Satoh and Fekete, 2005) .
Development of ganglia and connections
Following their delamination, the neuroblasts of both the inner ear and epibranchial placodes migrate and coalesce to form ganglia. The neurons within these ganglia send out axonal projections that connect with their peripheral and central targets to form functional circuits (Fig. 4) .
Several studies have shown that the cranial neural crest plays a pivotal role in cranial sensory gangliogenesis and in the organisation of central connections (Fig. 4A-C) . Neural crest ablation in chick embryos results in misplaced epibranchial ganglia with aberrant projections that fail to connect to the hindbrain. These defects are also evident in the trigeminal and cochleovestibular ganglia (CVG), demonstrating a broader requirement for the neural crest in organising all of the cranial sensory ganglia and their central innervation (Begbie and Graham, 2001a) . Molecular perturbations affecting neural crest migration provide further insight; disrupting neuropilin/semaphorin signalling in both mouse and chick results in misplaced ganglia and aberrant projections (Osborne et al., 2005; Schwarz et al., 2008) . Similarly, mouse mutations in Erbb4, an EGF receptor family member that recognises the axon guidance molecule neuregulin 1, show misplaced ganglia as a result of the disruption of normal neural crest cell migration pathways (Golding et al., 2004) .
Although it is not known how neural crest cells guide the organisation of epibranchial ganglia and CVG, studies in the trigeminal ganglion have demonstrated that ganglion condensation is dependent on interactions between neural crest and placodal cells, and are mediated by the axonal regulator Slit and its receptor Robo (Shiau et al., 2008) . Generally, Robo-Slit interactions are considered to be repulsive, and thus it is possible that the neural crest acts to corral the placodal cells into a ganglion. Robo and Slit are also expressed in developing epibranchial ganglia and CVG, so it will be interesting to determine whether these same molecules also facilitate ganglion formation in these systems.
The peripheral projections of the CVG have been studied in much greater depth than the central projections (for a review, see Fekete and Campero, 2007) . Lineage analysis in mouse has revealed a degree of autonomy in the peripheral and central projections of the CVG that depends on neuronal phenotype . Yet the projections also depend on their targets for guidance and survival, with many of the typical axon guidance molecules involved in targeting as well as in trophic support, with brain-derived neurotrophic factor (Bdnf), in particular, implicated in survival (Fritzsch et al., 2005) . Similarly, recombination experiments carried out in axolotl have shown that projections from epibranchial placode-derived neurons depend on their peripheral target tissue, in this case taste-bud-bearing endoderm, for guidance and support (Gross et al., 2003) . Thus, like the CVG, targeting of both the peripheral and central projections of the epibranchial ganglia depend on neuronal origin and phenotype (Harlow and Barlow, 2007) . Finally, recent data have shown that the peripheral projections of the geniculate ganglion to the tongue also guide efferent innervation from the hindbrain, as well as controlling the formation of the parasympathetic ganglia (Coppola et al., 2010) .
Conclusions
Work in recent years has established a more complete understanding of how a naïve ectodermal cell can adopt an inner ear or epibranchial fate. The finding that the inner ear and epibranchial ganglia share a common progenitor domain adds clarity to our understanding of the process of induction. However, the concept of the PPA also raises some questions. Perhaps the most pressing question concerns what the PPA actually represents. One view is that it is simply a product of the topographic restriction of cranial ectoderm, and is thus a step in a hierarchically ordered pathway of commitment employed to ensure that correct cell types are generated in the correct place. Another view is that the PPA is an ancient mechanosensory placode, and that epibranchial placodes represent a derived, nonmechanosensory state (Baker et al., 2008) . The existence of a geniculate-derived sense organ, the PTO, might suggest that this is the case, and that regions of the PPA have a latent mechanosensory potential. Studies that investigate the ability of different regions of ectoderm to form PTO hair cells will resolve this issue and will provide further insight into the ability of cranial ectoderm to generate mechanosensory cells. FGF signalling plays a central role in PPA induction and diversification. What are the molecular mechanisms responsible for these transformations? Both genetic and cellular processes are enacted to achieve the PPA phenotype. Fundamental to PPA identity is the ability to generate mechanosensory hair cells and sensory neurons. How FGF signalling can establish this competence remains the subject of active research. The otic and epibranchial placodes, as well as the lateral line in fish, emerge from this region and, despite their common lineage, they adopt distinct phenotypes to mediate distinct functions, and here the utilisation of the Wnt signalling pathway appears to be important. Again, the downstream mechanisms and genetic networks that act as determinants of, and gatekeepers to, these two primary cellular phenotypes of the PPA are not well characterised. The elucidation of these mechanisms and their integration with the competence factors that are induced by FGF signalling would place within reach the tantalising prospect of establishing a blueprint for the development of sensory neurons and mechanosensory hair cells.
